Background/Aim: Renal fibrosis is essential for the progression of diabetic nephropathy (DN). Macrophages accumulate in diabetic kidneys and are involved in epithelial-to-mesenchymal transition (EMT), a vital mechanism leading to renal fibrosis. Recently, high-mobility group nucleosome-binding protein 1(HMGN1) was documented in promoting the recruitment and activation of antigen-presenting cells. In this study, we first reported its roles in renal fibrosis and the underlying mechanism associated with macrophage filtration and EMT. Methods: Twenty C57BL/6J mice were administered streptozotocin (STZ) to induce diabetes for 6 weeks and then divided into 4 groups: normal control group; DN group; benazepriltreated group, and insulin-treated group. Blood glucose, creatinine, and albumin in urine, hematoxylin and eosin, and Sirius red staining of kidney tissues were used to assess the renal pathology. ELISA, immunochemistry, and in situ hybridization were performed to determine the expression of HMGN1, CD68, F4/80, α-smooth muscle actin, and E-cadherin. Results: The renal expression levels of HMGN1, macrophage markers, and EMT makers were increased in DN group, and insulin treatment could reduce the overexpression of these indicators with a better effect than benazepril treatment. Both treatments could not obviously ameliorate urine albumin-to-creatinine ratio, collagen expression, and renal histological changes in STZ-induced diabetic mice. Correlation analysis indicated that there was a relationship among HMGN1, macrophage markers, EMT markers, and collagen expression in DN mice. Conclusion: HMGN1 may promote macrophages accumulation and EMT, suggesting a potential therapeutic target for preventing renal fibrosis development in DN.
Introduction
Diabetic nephropathy (DN) is the most common complication of diabetes and the leading cause of end-stage renal failure, which is a widespread occurrence presently and expected to increase in prevalence [1, 2] . Multiple factors, including genetic background, hyperglycemia, and hemodynamic changes, have been reported to result in DN onset and progression [3] . Strategies reducing blood glucose level and complete RAS system blockade are assessed clinically as the main way to preserve renal function [4, 5] .
The pathogenesis of DN is complicated, and the molecular mechanism remains unclear. Fibrosis is related to declining renal function in diabetic kidney disease, which is a major cause leading to end-stage renal disease (ESRD) [6, 7] . Renal fibrosis occurs when the normal tissue architecture is gradually replaced with the extracellular matrix (ECM), which has been considered as a crucial pathological change in DN. It is generally accepted that these activated myofibroblasts are the principal effector cells that are responsible for the excess deposition of interstitial ECM during renal interstitial fibrosis under pathological conditions such as high glucose [8] . Growing evidence implicated the renal tubular epithelial-to-mesenchymal transition (EMT) as an important pathway leading to the generation of interstitial myofibroblasts in the diseased kidney [9] [10] [11] . EMT occurs along with phenotypic conversion, characterized by the loss of epithelial-specific markers, such as E-cadherin, and the gain of transitional features, such as α-smooth muscle actin (α-SMA) [12, 13] . However, the molecular mechanism of EMT in DN is still not fully understood.
Macrophages are found in normal kidney and in increased numbers in diseased kidney, well recognized for their pathogenic role in kidney inflammation and fibrosis [14, 15] . Such an increase in the macrophage population has been correlated with the presence of interstitial fibrosis. Findings showed that macrophages are invariably present at sites of active renal fibrosis that contain α-SMA-positive, matrix-producing myofibroblasts. Furthermore, the degree of macrophage infiltration correlates with both the severity of renal damage and the extent of renal fibrosis, thereby establishing a close relationship between the presence of macrophages and renal fibrosis [16] . Macrophages can secrete a number of proinflammatory cytokines including interleukin-1 (IL-1), matrix metalloproteinase-9, fibroblast growth factor-2, and transforming growth factor-β, which are capable of inducing profibrotic responses in kidney cells, including myofibroblast proliferation, ECM production, and EMT [17, 18] . A more recent study identified that bone marrow-derived macrophages can undergo myofibroblast transition in vitro and in experimental renal fibrosis via a process of macrophage to myofibroblast transition driven by the transforming growth factor-β/Smad3 signaling pathway [19] . All these reports suggest that macrophage is an important contributor to the progression of renal fibrosis.
It is known that stimulation of the immune system via toll-like receptors (TLRs) is a common proinflammatory triggering mechanism in all forms of fibrosis [20] [21] [22] [23] . In a murine model of pulmonary fibrosis, activated macrophages produce proinflammatory factors, such as TNF-α and IL-1 that in turn activate fibroblasts and induce overproduction of ECM proteins through IL-1R1/TLR-MyD88 signaling, which is demonstrated as an essential pathway [24] . Recently, high-mobility group nucleosome-binding protein 1(HMGN1) acts as an endogenous alarmin and is capable of promoting the recruitment and activation of antigen-presenting cells via TLR4 [25] [26] [27] [28] . Our previous study found that HMGN1 expressed in both immune cells and renal cells and increased expression of HMGN1 and TLR4 play an important role in the process of streptozotocin (STZ)-induced diabetic mice [29] . However, the molecular mechanism is poorly understood. In this study, we examined the association between HMGN1, kidney macrophage accumulation, and fibrosis, as well as its contribution to the progression of DN in STZ-treated mice. 
Animal Model and Groups
The animal experiments were approved by the Ethics Committee of Guizhou Provincial People's Hospital. All protocols were performed in compliance with the Guide for Care and Use of Laboratory Animals as described by the PRC Ministry of Health (MoH Publication No. 55, revised 1998). Twenty 8-week-old male C57BL/6 mice with body weight ranging from 18 to 22 g were provided by the Experimental Animal Centre of Army Medical University. All mice were housed with a 12-h artificial light/dark cycle at 24 ± 1 ° C. After 1-week adaption, diabetes was induced by a single intraperitoneal injection of STZ (150 mg/kg weight in citrate buffer). Likewise, the same amount of citrate buffer was administered to control animals. Tail vein blood was collected after 72 h. Mice with a 3-day blood glucose level over 16.7 mmol/L were considered diabetic and thus included in the study.
Six weeks after the onset of diabetes, all mice were randomly divided into 4 groups as follows (n = 5 each group): (1) normal control group (NC group, untreated); (2) DN group (untreated); (3) benazepril-treated group (BEN group, 10 mg/kg/day i.g. infusion, diluted in 0.9% [w/v] normal saline); and (4) insulin-treated group (INS group, 1 U/day i.p. injection). The treatment continued for 8 weeks, and then all mice were euthanized.
Sample Collection and Testing
After 8 weeks of treatments, mice were placed in metabolic cages for urine and sample collection. Albumin and creatinine in urine were quantified by assay kits and converted as urine albumin-to-creatinine ratio (UACR). Random blood glucose levels were determined with a drop of tail vein blood by using the glucose oxidase method on a glucose meter. The body weight of mice was measured, and all mice were then sacrificed by decapitation. The kidney from each mouse was rapidly excised, washed with saline, fixed in 10% (w/v) formalin solution (pH 7.4) overnight, and then gradient alcohol dehydrated, transparent with xylene, and embedded in paraffin wax for histopathological examination. Kidney weight/body weight of each mouse is used as the kidney weight index.
Kidney Pathology Test
The embedded kidney tissue was cut into 2-μm-thick sections and processed for H&E, SR staining for light microscopic observation. Kidney pathology was determined by glomerular and tubular morphology and inflammatory cell infiltration. Interstitial fibrosis was evaluated in SR-stained sections using Image-Pro Plus 5.1. The density of SR-stained collagen was calculated for each kidney section. Ten fields under 400× magnification were examined and average was calculated. 
Immunohistochemical Staining
The protein expression level in kidney tissue was detected by using immunohistochemistry (IHC). The 4-μm paraffin sections were subjected to dewaxing and rehydration, followed by antigen retrieval and 3% (w/v) H 2 O 2 inactivation. After washing in phosphate-buffered saline (PBS), tissue sections were blocked with 1% (w/v) BSA in PBS and then were incubated with rabbit anti-HMGN1 antibody (1: 250 dilution), CD68, F4/80, α-SMA, and ED-1(1: 200 dilution) separately overnight at 4 ° C. The negative control group received the antibody diluent (0.01 mol/L PBS containing 1% [w/v] BSA) only. After PBS washing (3 times, 5 min each), goat anti-rabbit IgG secondary antibody (1: 200 dilution) was added to sections and incubated at 37 ° C for 1 h. Following PBS washing (3 times, 5 min each), tissues were observed after DAB staining. Nuclei were stained by hematoxylin counterstaining under a light microscope. The numbers of positive staining cells in kidney were counted in 10 equivalent highpower fields (HPF ×400); positive staining was further qualified by using Image-Pro Plus 5.1 Software and expressed as mean density (IOD/area).
In Situ Hybridization
ISH was performed in paraffin sections at a thickness of 4 μm to determine the HMGN1 mRNA expression level in the kidney. According to the standard procedures, the sections were prepared with deparaffin, rehydration through a graded series of ethanol baths, and then washed with 0.1% (w/v) diethylpyrocarbonate-treated water for 5 min 3 times. ISH of HMGN1 was done at 42 ° C by using a commercial ISH kit following the manufacturer's instructions. Probes were designed, respectively, based on the published genomic sequences of mouse HMGN1 mRNA (GenBank ID: 224109), which were labeled with digoxin. The negative control group received the sense probes only. After DAB staining, renal tissue sections 
Statistical Analysis
All statistical data were analyzed using GraphPad Prism version 5.01. Measured data were expressed as mean ± SD. One-way ANOVA followed by Student-Newman-Keuls posttest was used for multiple comparisons. The correlation between the 2 variables was analyzed using Pearson correlation. p < 0.05 indicates statistically significant differences.
Results

General Conditions of All Groups of Mice
Diabetic mice model was developed with STZ induction and evaluated with blood and urine parameters. Mice with untreated DN showed severe hyperglycemia, along with a continuous decrease in renal function characterized by elevated blood glucose level, obviously increased kidney weight index, and UACR. After 8 weeks of drug treatments, blood glucose and UACR were reduced compared to diabetic mice without treatment, although still higher than that of NC group. The kidney weight index in 2 treatment groups was significantly lower than that in the model group. All these parameters behaved normally in nondiabetic mice (Fig. 1a-c) . 
Renal Histological Changes
The kidney histological changes were screened to confirm the results of the markers of renal functions. As shown in Figure 1 , there were no obvious abnormalities in glomerular or tubular structures of the kidneys in mice of NC group. Compared with NC group, interstitial infiltration of mononuclear cells and mesangial cellularity increased and severe tubular damage occurred in the DN group, revealed by H&E staining. SR staining and semi-quantitative analysis of collagen showed a high deposition of collagen fibers in glomerular and tubular interstitial, which were typical manifestations of renal fibrosis in the DN group. Treatment with benazepril or insulin resulted in minor improvements in these histological changes, and the statistical results for collagen in 2 treatments group remained high compared with the NC group (Fig. 1d, e) .
Expression Level of HMGN1 in Kidneys
We examined the expression levels of HMGN1 protein and mRNA by IHC and ISH, respectively. Immunohistochemical staining for HMGN1 and subsequent quantitative analysis demonstrated that HMGN1 protein expression was significantly increased in the DN group, with deeper brown staining particles in the nucleus and cytoplasm, compared with the NC group. After drug administration, the HMGN1 protein expression level in BEN group remained higher than the NC group, whereas in the INS group reduced to close to normal level. The results of ISH examination showed similar results as the IHC staining (Fig. 2) . 
Assessment of Inflammation in Kidneys
We next assessed inflammatory responses in the kidneys of mice. Compared with controls, there were many little particles in the DN group, suggesting that CD68 and F4/80 protein expression has increased on the DN mice kidney tissue. The expression of CD68 and F4/80 protein in BEN group remains high. However, the brown staining of the granules was significantly reduced in the INS group, which also showed a lower mean density value for the 2 related renal inflammation factors in comparison with that of the DN group (Fig. 3a-c) .
Assessment of EMT in Kidneys
Immunohistochemical staining was performed to determine the expression of EMTrelated factors. As shown in Figure 4 , α-SMA staining was more obvious in DN mice than in NC mice, while ED-1 staining was reduced. The statistical data also showed significant upregulated level of α-SMA and downregulated level of ED-1 in DN group compared with controls. The BEN group still showed increased α-SMA expression and reduced ED-1 expression. The α-SMA expression was significantly suppressed, along with ED-1 expression increased obviously with insulin treatment, when compared with those of DN group (Fig. 4a-c) .
Correlation Analysis
We next investigated the relationship between HMGN1, inflammation, and EMT by using correlation analysis. Before treatment, Pearson correlation analysis showed that the level of HMGN1 significantly increased in association with the changes of CD68, F4/80, α-SMA, ED-1, and collagen deposition in mouse kidneys (Fig. 5) . Inflammation-related factors (CD68 and F4/80) and fibrosis-related factors (α-SMA and collagen) showed a significant positive correlation (Fig. 6) . After benazepril and insulin treatment, F4/80 and HMGN1 staining, α-SMA, and inflammation-related factors (CD68 and F4/80) were significantly positively correlated (Fig. 7, 8) . Interestingly, the elevated glucose level was associated with significantly upregulated HMGN1 mRNA and increased CD68 and F4/80 protein (Fig. 9a-c) . Discussion DN is one of the most serious complications of diabetes and the primary cause of ESRD. Renal tubulointerstitial fibrosis is a crucial procession of DN toward ESRD [30] . The macrophage is well recognized for the pathogenic role in kidney inflammation and EMT, which contributes to the renal fibrosis progression [15] [16] [17] . Studies have shown that HMGN1 acts as the potential ligand of TLR4 and capable of activating and recruiting antigen-presenting cells. Its roles in DN development and the underlying mechanism associated with macrophage recruitment and EMT were first investigated in this study.
After DN model development, the mice presented typical diabetes nephropathy features, characterized by a rise in blood glucose, increase of kidney weight index, UACR, as well as fibrosis changes in renal lesions, inflammation cells infiltration, and increased collagen stained by SR. In renal kidney tissue of DN mice, the macrophage markers CD68 and F4/80 were increased, implying the macrophage accumulation. The expression level of epithelial marker E-cadherin was reduced, whereas mesenchyme phenotype α-SMA was upregulated, indicating that EMT occurred in DN. Moreover, the expression levels of HMGN1 protein and mRNA were increased, which was in accordance with our previous findings [29] . Further analysis showed a positive correlation among HMGN1, macrophage and EMT makers, and collagen staining density. These data suggested that HMGN1 might promote the formation and development of renal fibrosis. The potential mechanism might be related to the macrophage recruitment, in addition to inducing the EMT pathway in STZ- Given the importance of HMGN1-associated pathway in renal fibrosis, we subsequently investigated the therapeutic effect of traditional intervention agents. After benazepril treatment, there was no significant change in any of the abovementioned makers. The level of F4/80 protein remained high, which still had a positive correlation with HMGN1, which suggested that HMGN1 plays a vital role in macrophage accumulation by directly TLR4-mediated activation and recruitment, in addition to promoting the secretion of macrophage chemokines reported by Yang et al. [25, 27] . Conversely, the level of HMGN1, CD68, F4/80, and α-SMA could be reduced to some extent, and E-cadherin level increased by insulin administration. Our analysis showed that the reduced level of F4/80 protein had a positive relationship with the decreased level of HMGN1. However, the collagen staining did not show a substantial change. These findings revealed that glucose controlling by insulin could suppress the macrophages infiltration induced by HMGN1 and then ameliorate EMT, but could not reverse the fibrosis outcome. Our result showed that hyperglycemia was positively corre- lated with upregulated HMGN1, CD68, and F4/80, while the reduced glucose level was not statistically significantly correlated with HMGN1, macrophage makers, EMT, and collagen level after insulin treatment. Here we proposed a hypothesis that elevated blood glucose is one factor leading to HMGN1 protein overexpression, as well as macrophage recruitment, but not the unique factor. Although more experimental evidences are needed to support this hypothesis, our results help to elucidate the reason why strategies reducing blood glucose was less effective for renal fibrosis progression or for the improvement of renal function. Our results also implies that current therapeutics for DN focusing on improving glycemic level and blood pressure control may provide little protection against renal disease progression. Developing a novel and more effective therapeutic strategy need to be investigated to prevent and reverse DN progression.
Conclusion
To conclude, this study demonstrates that HMGN1 might be involved in DN renal fibrosis occurrence and procession through the potential mechanism that is closely associated with the accumulation of macrophages and epithelial-mesenchymal transformation. Our findings provide a novel mechanism that understands renal fibrosis and also a potential therapeutic target against DN. 
